Mouse lines divergently selected for heat loss were evaluated for correlated responses in the hypothalamic transcriptome. High (MH) heat loss mice have ~50% greater heat loss, ~35% less body fat, ~20% greater feed intake, ~100% greater locomotor activity levels, and higher core body temperature compared to low (ML) heat loss mice. We evaluated hypothalamic expression between inbred lines derived from MH and ML lines (IH and IL, respectively) using cDNA microarrays and selected genes previously isolated in a large dd-PCR experiment. Northern analysis was used to confirm differences, revealing higher hypothalamic mRNA expression of oxytocin (Oxt) and tissue inhibitor of metalloproteinase 2 (Timp-2) in the IH line. Real-time PCR assays were developed for Oxt, Timp-2, and ribosomal protein L3 (Rpl3, previously found to be up-regulated in IL) and confirmed differential expression of these genes with potential physiological relevance in energy balance. These results provide information on correlated responses in the transcriptome of mice selected for high and low energy expenditure, and reveal new information regarding genetic regulation of energy balance.
Introduction
Energy balance is the difference between energy intake and energy expenditure.
Imbalances in either direction can lead to body weight disregulation with potentially serious health consequences. Obesity is an increasingly serious medical problem in today's society as approximately 60% of the American population is overweight (15, 36, 38) . In domestic livestock species, feed costs are the largest economic inputs in food production systems (10, 24) .
Improving production efficiency, conserving feed resources, and producing leaner products for consumers are key priorities. Understanding the genetic regulation of energy balance will facilitate development of diagnostic and therapeutic advances to improve human health and enhance efficiency and quality of food products (15, 32, 38) .
Energy balance is a complex trait regulated by the combined effects of numerous genes, environmental factors and multi-way interactions. Several monogenic rodent obesity models produce phenotypes indicative of altered energy metabolism (34) . While several quantitative trait loci (QTL) for traits related to energy balance have been detected, none have been cloned and identified (33) . The complex genetic architecture of energy balance remains largely uncharacterized.
To contribute to an understanding of the complexity of energy balance at the polygenic level, we have employed gene expression techniques to find hypothalamic transcriptional differences between two unique mouse lines created by divergent selection based on direct calorimetry measurement of heat loss (29) . The high heat loss line (MH) has ~50% higher heat loss, ~20% greater feed intake, ~35% less body fat, ~100% greater locomotor activity, and elevated core body temperature compared to the low line (ML) despite no differences in body weight (25, 27, 29, 30) . These lines are unique models to dissect the genetic complexity of energy balance and its related phenotypes on a population basis. The hypothalamus was selected for evaluation because of its role in controlling traits such as feeding behavior, weight gain, and adaptive thermogenesis (14, 22, 36) . Our hypothesis was that response to selection for heat loss is mediated, to some extent, through direct and/or correlated responses in the hypothalamic transcriptome.
Specifically, we used replicated cDNA microarray experiments to identify and prioritize candidate genes. Candidate genes were also selected from the literature based on known roles in energy balance regulation, and from a previous differential display project that evaluated hypothalamic expression differences between the IH and IL (inbred MH and ML, respectively) lines (1) . Confirmation of differential gene expression was accomplished using northern hybridization, and real-time PCR assays were designed to create sensitive and high-throughput quantification assays.
Materials and Methods
Mice. Mice used in this study were from partially inbred lines derived from long-term selection for high (MH) and low (ML) heat loss (29) . Briefly, selection was initiated from a composite base population using direct calorimetry measurements of heat loss in 9-to 11-wk males for 16 Dilutions of cDNA were run in triplicate using the optimal monoplex primer and probe concentrations. The average threshold cycle (C T ) value for each dilution was plotted against the log of the input cDNA amount to evaluate linearity of the assay. To find the relative efficiency, the difference between average target gene C T and average control gene C T ( C T ) for each dilution was plotted against the log input cDNA amounts. A slope with an absolute value <0.1
indicates that the efficiencies of the target gene and control gene reactions are similar.
Deviations from this slope indicate that assays have different PCR efficiencies and that comparisons among samples would be unreliable.
For monoplex assays, eight males from each line with the most extreme heat loss measurements were used and each sample was run in triplicate. Duplex assays for each target gene were run in duplicate and assays were repeated. In the first run, 16 males and 4 females from each line were evaluated. In the second run, the same samples were used with four additional male samples per line for a total of 20 male and 4 female samples. The duplex data were pooled and analyzed. 
Results

Microarray Experiments
The microarray experiments revealed several potential candidate genes with differential hypothalamic gene expression between the IH and IL heat loss lines. There were 23 significantly different genes with absolute balanced differential expression (ABDE) values of 2.0 or greater in either Replicate 1 or Replicate 2 (Table 3) . Only four of these significant genes had differential expression in the same direction in the other replicate. These genes included oxytocin (Oxt), integral membrane protein 2 (Itm2), and kinesin heavy chain member 1A (Kif1a), which had higher expression in the IH line, and fibroblast growth factor 1 (Fgf1), which had higher expression in the IL line. There were 109 suggestively significant genes with ABDE between 1.6 and 2.0 in either Replicate 1 or Replicate 2 (data not shown). Of these, only six displayed differential expression in the same direction in the other replicate (Table 3) .
Northern Hybridization Analysis of Candidate Genes
Candidate genes from the microarray experiments, previous differential display project, and literature were tested for confirmation of expression differences using northern hybridization (Table 4 ). This analysis confirmed that Oxt and Timp-2 are differentially expressed in the hypothalamus of mice from the heat loss selection lines. Both genes had greater relative mRNA abundance in the IH line, consistent with results from the microarrays and, in the case of Timp-2, our previous differential display experiment (Figures 1, 2) . None of the remaining candidate genes evaluated, including those selected from the literature and those selected from our previous differential display experiment, exhibited differential expression between the selection lines based on the sensitivity of northern analyses (Figure 3 ).
Map Positions
A summary of the map positions for each gene is provided in 
Real-Time PCR
Sensitive, high-throughput, real-time PCR assays were designed, optimized, and run for
Oxt, Timp-2, and ribosomal protein L3 (Rpl3). The Rpl3 gene was previously shown to be upregulated in the hypothalamus and brown adipose tissue of IL mice (1, 2). Each assay was evaluated and found to be linear over six dilutions (Figure 4a ). Validation experiments were performed to determine the amplification efficiencies for each target gene relative to Gapdh.
The absolute values of the slope for each comparison were less than 0.1 indicating equal efficiencies ( Figure 4b) . Thus, the Gapdh assay can be used to accurately adjust target gene data.
Monoplex and duplex assays were optimized to verify differential expression between mice from the IH and IL lines ( Table 5 The three methods used to normalize target gene data with control gene data produced similar results in terms of the direction and relative magnitude of differential gene expression.
The results of the monoplex and duplex assays for each gene showed similar expression differences indicating that the duplex reactions can quantify mRNA expression levels for these genes as accurately as the monoplex assays. Furthermore, to ensure that each assay accurately measured mRNA expression levels and not residual genomic DNA that could remain after DNase I treatment, DNase I treated RNA samples without reverse transcription were amplified for each gene assay. Only faint amplification was detected in some samples. The C T values for samples with amplification were all greater than 36.0, which is approximately 10 C T s higher than the range for each cDNA sample and consequently would have no measurable effect on gene expression measurements.
Discussion
The hypothalamus has gained attention for its involvement in regulating energy metabolism via its ability to receive and integrate signals from peripheral sites and produce a variety of signaling molecules in response to changes in energy status to ultimately maintain energy homeostasis (14, 36, 41) . We hypothesized that changes in hypothalamic gene expression exist between lines divergently selected for heat loss as correlated responses to selection, and that these changes can account for some of the phenotypic differences in traits related to energy balance between the high and low heat loss lines.
The microarray experiments identified potential candidate genes that could be involved in regulating energy balance and contribute to a portion of the phenotypic differences that are observed between the high and low heat loss selection lines. Surprisingly, only a few genes were found with significant differential expression between the lines according to the microarrays.
Even fewer genes were differentially expressed as judged by real-time PCR or northern blotting.
The quantitative expression differences for Oxt, Rpl3, and Timp-2 measured with realtime PCR assays were significant but relatively small, with less than 0.5-fold changes observed between the IH and IL lines. For complex polygenic traits such as energy balance, it is hypothesized that there are numerous genes with small to moderate effects that contribute to variation in the trait. QTL studies have been conducted to identify genomic regions controlling complex traits and numerous such loci have been localized for traits involved in determining body weight and fatness. Most of these have individually relatively small and subtle influences on phenotype. Consequently, even though small differences in gene expression in the hypothalamus were found for these selection lines, the differences may be biologically significant. These results suggest that mRNA expression differences for Oxt, Rpl3, and Timp-2 are correlated responses to selection for heat loss. The relatively small differences in expression phenotypes may be indicative of the nature of selection response for highly complex traits. It is very possible that biologically relevant differences in expression exist that we were unable to detect with the methods used in this study. Significant microarray replication and much more sensitive statistical analyses (e.g. 43) are likely required to robustly evaluate gene expression underlying polygenic traits. In addition, genes regulating energy balance may be mediated in ways other than changes in mRNA levels at the temporal and spatial coordinates used in this study.
Of primary interest is to understand the biology and physiology of the genes with expression differences and correlate hypothalamic gene expression differences with phenotypic changes in heat loss and other related traits in the IH and IL selection lines. One possibility is that hypothalamic mRNA expression differences reported here may be directly responsible for the phenotypic differences, and that selection for heat loss acted directly on allelic variation within or near these loci. Alternatively, the differences in gene expression for Oxt, Timp-2, and Oxytocin is one of the neurohypophysial peptides with its major site of expression in the hypothalamus. It shares high sequence homology with the other neurohypophysial peptide, vasopressin, and care was used in this effort to design oligonucleotides for real-time PCR that are specific for Oxt only. Oxytocinergic neurons project throughout the central nervous system, and oxytocin is expressed in peripheral tissues such as uterus, placenta, amnion, corpus luteum, testis, and heart (12, 37) . Oxytocin is classically known for its involvement in lactation and parturition (31, 45) . Recent studies have suggested other physiological functions of oxytocin.
Oxytocin receptors are present in a variety of tissues, including adipose tissue, supporting existence of possible peripheral metabolic functions (9, 12) . In the mouse, elevated Oxt results in increased grooming, social memory and male aggression, and decreased anxiety (12) . Oxt mutant null mice show reduced aggressive behavior (6, 42) . In male rats, a social defeat experience resulted in elevated circulating Oxt levels (7).
Mice from the IH line have higher activity levels (27) , and the higher Oxt mRNA levels found in this study are consistent with reports associating elevated Oxt expression with increased behavioral activities. Oxt is expressed in the paraventricular nucleus and referred to as a "satiety hormone" since both peripherally and centrally administered Oxt reduces feed intake (3, 12, 36) .
Oxytocin has also been shown to be involved in thermoregulation by increasing body temperature in rabbits and colonic temperatures in mice (17, 20) . Consistent with these reports, the IH line, derived from the MH line, has higher core body temperature and higher Oxt expression (27) .
The tissue inhibitors of metalloproteinases (TIMPs) represent a family of at least four secreted proteins that inhibit activity of matrix metalloproteinases (MMPs) and play pivotal roles in controlling rate of extracellular matrix (ECM) metabolism (8) . A balance between MMPs, TIMPs, and other factors is needed for the breakdown of ECM in processes such as embryonic development, morphogenesis, reproduction, and tissue resorption and remodeling (39) .
Involvement of TIMPs in obesity has been suggested because obesity is associated with extensive reorganization of adipose tissue involving adipogenesis, angiogenesis, and remodeling of the ECM (8, 19) . In particular, stromal-vascular cells isolated from fat depots of mice fed a standard diet had higher Timp-2 mRNA expression compared to cells isolated from mice fed a high fat diet (19) . The potential relationship with TIMPs, MMPs, and TNF-has also been evaluated in cases of obesity (11, 19, 21) . Reports indicate that TIMPs have growth-promoting and mitogenic activity in various cell types (13, 39) . However, over-expression of Timp-2 reduces tumor cell growth and inhibits fibroblast growth factor-induced human endothelial cell growth (28) . Timp-2 can also suppress growth factor responsiveness by interfering with the activation of tyrosine kinase-type growth factor receptors and its ability to block mitogenic signaling (39) . Moreover, no TIMP receptors have been identified, suggesting that TIMPs may act as decoys for various signaling molecules (39) .
In relation to the mRNA expression differences in the heat loss selection lines, the role of Timp-2 is unclear. Timp-2 could be involved in regulation of adipose tissue development and lower expression in the IL line results in increased adipose tissue mass, which is consistent with results presented by Maquoi et al. (19) . It is also possible that Timp-2 acts as a signaling molecule in metabolic or growth pathways.
Higher levels of Rpl3 mRNA have been found in polygenic (1) and monogenic (40) mouse models of obesity. Rpl3 is part of the 60s subunit of the ribosome in eukaryotes and acts Oxt; slo pe = -0.021
